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ABSTRACT 



The change in rotor performance with tip clearance of an axial 
flow compressor over a wide range of flow rates above stall was investi- 
gated to gain more understanding of the effect of the tip flow mechanism 
on rotor performance. 

The experimental results were compared with a flow model pro- 



posed previously and found to be in reasonable agreement. 
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SUMMARY 



Tlie effect of tip clearance flows on the efficiency of compressors 
has been the subject of several investigations in the past. In general, 
however, the loss mechanism has not been well understood. 

Rains investigated the tip clearance £Low using flow visualization, 
and proposed a perfect fluid model with corrections for real fluid effects 
to describe quantitatively the loss mechanism, and compared his model 
with experimental results at the design flow rate. The model proposed 
was analogous to flow through a narrow slot hi a whig of finite chord. 

Flow visualization showed that the vortex sheet formed by the tip clear- 
ance flow entering the free stream flow rolled up into a single vortex. 
Thus, it was assumed that the flux of kinetic energy associated with the 
flow normal to the blade created the rolled up vortex and was not re- 
covered. To handle the real fluid effects the main contribution v/as taken 
to be the "scraping up" of the case boundary layer, whereby the pressure 
difference across the blade tip was increased, thus increasing the losses. 
Rains approximated this by a simplified analysis of shear flow in a cor- 
ner. 

The purpose of true investigation was to gain more understanding 
of the tip flow mechanism by determining the change in rotor performance 
with tip clearance over a wide range of flow rates and comparing these 
results with the model described above. Detailed surveys of static pres- 
sure, flow direction, and total pressure were made ahead and behind the 
rotor to obtain integrated averages of pressure, flow rate and work in- 



put. 



It was found that the reduction in work coefficient with tip el tr- 
ance was less than that predicted by th.e model above. It was felt that if 
the scraping flow were analysed in a more realistic fashion, the agree- 
ment might be better. 

In the case of reduction in total pressure coefficient and efficiency 
it was found that by including the scraping flow the changes were over- 
estimated. Neglecting the scraping flow, the reduction in efficiency due 
to tip clearance was overestimated near stall and underestimated at the 
high flow rate above design. Due to the scattering of e;:perimental re- 
sults and the small changes involved, i. e. , most changes were not much 
more than the order of accuracy of the experiments, it was felt that one 
could only discuss trends in evaluating the validity of the proposed model. 
In this respect, it was felt that the model was a valid one, since the order 
of magnitude of the losses was in reasonable agreement with experimental 
results over a wide range of flow rates, and variations in calculated and 
experimental efficiency drop with flow rate showed similar trends. 

The agreement between theory and experiment was not as close as 
that found by Rains. However, the tests reported here covered a much, 
larger range than those of Rains, and their internal consistency indicates 
that they are as reliable as the previous experiments. 



- 1 - 



I. INTRODUCTION 

For good efficie *cy of a gas turbine cycle, it is axiomatic that 
the compressor have a high efficiency. Among the losses suffered by 
the compressor are those due to leakage flows through the tip clearance. 
It has been shown' * * } that the variation of tip cleara ce has an im- 

portant effect on pump and compressor performance. In particular, 

(2) 

Rains' 1 investigated in detail the tip clearance flow mechanism and 
variation in compressor performance with tip clearance at the design 
flow rate. He introduced a perfect fluid flow model and corrections for 
real fluid effects to compare with experiments, so that variation in com- 
pressor performance could be estimated for other operating conditions 
and other machines. 

The present investigation is concerned with determining the effect 
of tip clearance on compressor performance, not only at design condi- 
tions, but also through a range of flow rates from near stall to well above 
design, for the purpose of gaining more understanding of the tip flow 
mechanism and to extend the range of comparison of the experiments with 
the perfect fluid model and real fluid corrections given in Reference 2. 



II. EQUIPMENT AND EXPERIMENTAL TECHNIQUES 
A. Pump and Pump Circuit 

The turbomachlne and tunnel system used for tliis investigation 
consisted of a closed circuit tunnel. Figure 1, containing an axial flow 
pump. Figure 2, which served both as a pumping unit for the tunnel and 
test section for the experiment. The system is described in detail in 
References 2 and 4. The turbomacMne was a scaled version of the axial 
flow air compressor discussed in Reference 5. Thus, although the work- 
ing fluid was water, the turbomachine corresponded to an axial flow air 
compressor operating at a Reynolds number of order 100, 000 based on 
me aii axial velocity and blade chord, rather than to a conventional axial 
flow pump. 

The test unit was approximately forty inches long, with a fourteen 
inch inside diameter and could accommodate up to three stages of blading. 
For tliis investigation, only one stage was used in a spread configuration 
to facilitate isolation of rotor characteristics. The entrance vanes were 
located (as indicated in Figure 2) ahead of Station 2; the first stage, con- 
sisting of a rotor row and stator row were left out, and the rotor was 
placed between Stations 4 and 5. The stator was also displaced one stage 
behind the rotor and located between Stations 7 and 8, followed by tv/ o 
rows of straightening varies. A lucite viewing window was located in the 
test section that extended the length of the rotor. 

The machine was driven by a dynamometer mounted vertically 
about three feet above the circuit as shown in Figure 1. The power was 
supplied by a 30 KW thyratron rectifier unit. 
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3. Blade Design 

The blading was designed to produce a free vortex flow at an a v cr - 
age flow coefficient e = 0. 45, an average work coefficient f = 0. 40, and 
a symmetrical velocity diagram at £ = 0,70. Detailed surveys showed 
that the design work coefficient was obtained at an average flow coeffi- 
cient of 0. 42, which was in close agreement with - 0. 41 obtained from 
previous experiments^. The differences from design were attributed 
to the hub and casing boundary layers reducing the effective cross- 
sectional area of the machine and increasing the mainstream flow rate. 

The influence of tip clearance on rotor performance was evaluated 
in this investigation, and thus the rotor blade characteristics were of 
primary interest. There were sijrteen rotor blades per row with constant 
chord (1. 90 inc'ies) and a parabolic camber line. Details of the blading 
are given in References 2, 4, and 5. Some essential characteristics are 
reproduced below: 



Radius 

Ratio 


£ 

V 


0. 60 


0. 70 


0.30 


0. 90 


1. 00 


Solidity 


c/s 


1. 15 


0. 985 


0. 860 


0.765 


0.690 


Stagger 

Angle 


ft* 


15. 2° 


32. 1° 


43.8° 


51. 7° 


57. 4° 


Camber 

Angle 




46. 7° 


31. 0° 


20. 3° 


13.8° 


9. 3° 


Maximum 




0. 12 


0. 11 


0. 10 


0. 09 


0. 03 



Thickness 

Ratio 

C. Instrumentation 

A water differential manometer which measured the pressure 
drop across the contraction nozslc upstream of the test section was used 



to determine the flow rate. 



Detailed flow measurements were made through surveying ports at 
Stations 2 through 8 as indicated in Figure 2. A plug assembly could be 
positioned in slots located behind each stationary blade row. Stations 2, 4, 
6, and 8, which permitted circumferential surveys over appro:dmately 
two blade passages in 2 degree increments. A cingle surveying pert was 
located behind each rotor row at Stations 3, 5, and 7. The probes shown 
in Figure 3 were used in detailed surveys and v/ere, from left to right, 
total pressure, yaw, and static pressure. The probe holder permitted 
radial positioning to 0. 01 inches and angular orientations to within 0. 1 
degrees. Calibration of the yaw and static probes was made in aa air jet. 
The static probe error was found to be 0. 3°/o of dynamic head, in excess 
of the static pressure. The yaw probe sensitivity was approximately 0, 25 
degrees, and this was also checked in the Free Surface Water Tunnel in 
the Hydrodynamics .Laboratory. Pressure lines were 1 /4-inch Polyflow 
tubing connected through O-ring push-pull valves to a Stan .am liquid dif- 
ferential pressure gauge (1 psi full-scale range). Pressure measure- 
ments were made using the Stath&rn gauge in conjunction with a Baldwin- 
Southvark strain gauge bridge. The Statham and strain gauge combina- 
tion was calibrated frequently using a water differential manometer. A 
null indication from the above pressure instruments was used in conjunc- 
tion with the yaw probe to obtain measurements of flow direction. 3y use 
of the O-ring valve system, a small and equal head of water could be ap- 
plied to both sides of the Statham gauge without shutting down the turbo- 
machine, thereby c he clung for drift in the gauge aero. Static pressure 
holes were located on the rear side of the case at Stations 1 through 8 and 
12 . 
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Xloior ola.de tip clearance was checked using a depth micrometer 
through a face plate that was mounted in the flow visualization opening 
with the Incite window removed. 

A differential gear box was used to indicate rotative speeds in unit 
rpm increments above 100 rpm, while a field rheostat connected to the 
thyratron rectified unit was used to control the speed. An extension to 
the rheostat fine control was added, as seen in Figure 4, so that accurate 
speed control could be maintained by the same person taking pressure 
readings. 

Control of the flow rate was accomplished by use of the hand- 
operated throttle valve shown in Figure 1. 

A torque arm and pan weight system, in winch the signal from an 
electrical displacement pickup was used as a null indicator, was used to 
measure torque reaction. The mechanical shaft seal downstream of the 
turbomackine at the elbow was removed to reduce the torque tare. 

Torque sensitivity was approximately l°/o of measured values. 

D. Experimental Method s 

The flow rate for each test was set using the water differential 
manometer and throttle valve previously described. The nozzle dis- 
charge coefficient, = 0. 9o0, was taken from calibrations given in Ref- 
erence 6, e::trapolated to the pipe Reynolds number range, 11^=300, 000, 
of these investigations. 

Since the static and total lie ad probes were sensitive to angle for 
accurate readings, the detailed angle surveys were taken first at each tip 
clearance. These were then used to position the total and static head 
probes in the direction of the flow. Thirty-eight radial positions were 
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surveycd over the 2. 8 inch, annulus, every 0. 03 inches in the hub and 
-casing boundary layers, and every 0. 10 inches in the mainstream flow. 

In order to give the inlet guide vane wakes as much time to diffuse as 
possible, the flow entering the rotor was surveyed at Station 4, just a- 
head of the rotor. The flow immediately behind the rotor near the tip was 
very unsteady and hard to measure with the instrumentation used in these 
tests. For this reason, the surveys behind the rotor were taken at Sta- 
tion 6, one blade row downstream o£ the rotor exit. 

The rpm used for tests at the first tip clearance was 225. In- 
vestigations of the blades after completion of these runs indicated a pos- 
sibility of a small amount of blade bending at tire root. To preclude any 
further bonding, the rpm was lowered to 200, reducing the blade loading. 

The tip clearance was varied by machining the tips to the desired 
blade length. To accomplish this, the blades were mounted on a jig of 
the same diameter as the rotor and machined on a rotary lathe. 

E. Tes t P rogram 

The purpose of the tests was to determine the effect of tip clear- 
ance on performance at off-decign conditions, hence extending the inves- 
tigation of Reference 2 where the tests were made only at design point. 

To accomplish this, average flow rates of <j> = 0. 343, 0. 40, 0. 45, 0. 50, 
and G. 55 were selected for investigation. The stall region was not inves- 
tigated because of difficulty in interpretation of detailed measurements. 
Tip clearances were selected to bracket the range normally used in turbo- 
machinery. Thus, performance was evaluated at each of the above flow 
rates for \ = 0.0025, 0.0064, 0.0129, and 0. 0254. 
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Since there were variations from root to tip in flow angle, total 
pressure and static pressure, especially at off-design flow rates, it was 
necessary to use detailed surveys of these quantities to determine ac- 
curately the change in performance of the turbomachine with changes in 
flow rate and tip clearance. 

Surveys ahead of the rotor were made only at the smallest tin 
clearance, \ = 0. 0025, and it was assumed that these surveys would not 
be appreciably affected by variation of tip clearance. Four circumferen- 
tial stations ahead of the rotor were surveyed at the design flow rate and 
averaged to properly weight the wake effect of flow leaving the inlet guide 
vanes. For off-design flow rates, a circumferential station out of the 
strong wake was selected, and a correction factor applied to integrated 
values to account for the difference from the circumferential average. 

Behind the rotor, only one station circumferentially was surveyed, 
since it was assumed wakes would be smoothed out while going through 



the rotor. 
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III. RESULTS 

A. Estimation of Inle t Guide Vane Losses 

Losses through the inlet guide vanes should vary as the square of 

(7) 

the flow rate' As seen in Figure 5, the off-design values are too high, 
according to the above criteria, using the design flow rate value as a ba- 
sis. Though the circumferential station selected for off-design surveys 
was not in a strong wake at the design flow rate, it is felt that wakes 
could have shifted with change in flow rate giving higher losses than the 
circumferential average. Therefore, those detailed surveys taken at the 
design flow rate are averaged circumferentially and assumed to vary as 
the square of the average flow coefficient. 



3 . Rotor Performance - Averaged Results 

The average flow coefficient is determined by numerical integra- 
tion, § 



-t _ mean axial velocity _ J i 
tip speed - ~ 



J *£<!£ 



J 



% 



The average pressure coefficient is determined similarly, 

f° 

J <$>£ >yd£ 



* 



p t2 " P tl 

-j— 

aP U o 



% 



J 4 >£ d £ 
% 



The variation of average pressure coefficient with average flow 
coefficient, Figure 6, is seen to be almost linear, where ^ increases with 
decreasing flow rates from $ = . 55 to slightly below design. The varia- 
tion becomes increasingly non-linear as the stall flow rate is approached. 
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A similar change in v/ith flow coefficient is seen at all tip clearances 
investigated. 

The variation in average work coefficient, f , with average flow 
coefficient. Figure 7, is similar to that of if v/ith 6 ; however, the varia- 
tion is more nearly linear as would be expected. 

The variation of average pressure coefficient v/ith tip clearance at 
the various flow rates, as shown in Figure 8, is seen to be erratic. Val- 
ues plotted in Figure 6 have been referred to common flow rates before 
being cross-plotted in Figure 8. Though erratic, the results rhow that 
the pressure coefficient drops nearly linearly with increasing tip clear- 
ance at each flow rate. The drop in average pressure coefficient with tip 
clearance is seen to be greatest at the lowest flow rate and decreases 
with increasing flow rate. 





A ^ X= 0 t o X : 


0. 343 


0. 025 


0. 40 


0. 025 


0. 45 


0. 020 


0. 50 


0. 015 


0. 55 


0. 010 



The average work coefficient is determined from rotor torque 
measurements, ¥ = T/£pu o R q A 4> . As seen in Figure 9, the average 
work coefficient is nearly constant with changes in tip clearance over the 
range investigated. Results are similar at all flow rates. The slight 
change shows a trend of decreasing work coefficient with tip clearance, 

A "5 = 0. 005, from X = 0 to X = 0. 0254. 

The efficiency of the rotor is defined as the ratio of the average 
total pressure rise through the rotor to average -work input by the rotor, 
E= Ijf/'? , Values of average pressure coefficient and average work co- 
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efficient used in determining the rotor efficiency were taken from the 
faired curves of Figures 8 and 9. As seer, in Figure 10, the efficiency 
increases with decreasing flow rate until stall is approached, where the 
efficiency falls off. The maximum efficiency occurs at a flew rate below 
design, § = 0. 40, approximately. It appears, referring to Figure 10, 
that the efficiency values at A = 0. 40 and = 0. 50 are consistently high. 
Since only one circumferential station was surveyed behind the rotor, 
there is a possibility that guide vane wakes were carried through the ro- 
tor. Though they would be much smaller than wakes ahead of the rotor, 
they would tend to change circumferential position with Row rate. Since 
a small change in the pressure coefficient will make a large change in ef- 
ficiency, it is felt that the wakes could account for some of the erratic 
behavior of preesure coefficient and efficiency. 

The efficiency clearly decreases with tip clearance, as seen in 
Figure 11. The change is largest at the lowest flow rate, and decreases 
with increasing flow rate. 



* 


AE X = 0 to 


0. 343 


.047 


0. 40 


.047 


0.45 


. 046 


0. 50 


. 040 


0. 55 


. 037 



C. Rotor Performance - De tailed S urvey s 

1. Variation v/ith flow rate . Excluding the boundary layer effect, 
it is seen from Figures 12, 13, 14, and 15 that the mdal velocity behind the 
rotor decreases from the blade root to the tip at the flow rates above de- 
sign. The slope flattens as the flow rate decreases and is approximately 
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sero at the design flow rate, v/iich would be expected from free vortex 

(5) 

blading '. As the average flow rate is further decreased, the axial ve- 
locity increases toward the tip. At the flow rate near stall, ^ = . 343, the 
axial velocity in the tip region drops off earlier than at the higher flow 
rates. It is felt that this could be caused by tip stalling. The above tip 
dstribution affects the overall radial distribution by increasing the axial 
velocity near the hub. The axial velocity entering the rotor is seen from 
Figure 16 to be nearly constant at the design flow rate outside the bound- 
ary layer. It was assumed that this distribution remained constant with 
flow rate. 

The total head or pressure coefficient, ( , across tne rotor is a 
measure of t'ne total pressure added to the flow by the rotor. It is seen 
from Figures 17, 13, 19, and 20 that the portion of the blade near the hub 
is highly loaded at flow rates above design, while the tip loading is low. 

As the flow rate is lowered, the loading becomes more nearly constant 
with oily small changes in loading below the design flow rate. As seen in 
the surveys of axial velocity, Figure 12, and total head coefficient, Fig- 
ure 17, the local wakes shift radially with change in flow rate. 

The work coefficient is a measure of work input by the rotor 
through a change in the whirl component of velocity. At flow rates below 
design, the tip is very higlly loaded {Figures 17, 18, 1 9 anc! 20). As the 
flow rate increases, the tip loading decreases and the loading near the 
root of the blades increases. 

2. Variation with tip cle a rance . The axial velocity distribution is 
seen to remain almost constant with increasing tip clearance at the design 
flow rate and higher, Figures 21 and 21a. At the two flow rates below 
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design, A = .343 and = . 40, the axial velocity at the tip drops off rapidly 
at the largest tip clearance investigated, ?*. ~ 0. 0254. This drop could be 
attributed to tip stall. Measurements of flow angle and total pressure in 
tip region at A = 0. 0254 were very erratic, indicating a very unsteady 
flow or stalled condition. 

As seen in Figures 22 and 22a, there is very little change in radial 
distribution of total pressure rise through tlie rotor with cliange in tip 
clearance except in the tip region. At the design flow rate and above, the 
pressure rise in the tip region clearly drops off with increasing tip clear- 
ance. Near stall, ^ = , 343, there is a slight increase in tip loading with 
increasing tip clearance. This may possibly be explained by the increased 
tip clearance relieving a flow blockage near the tip. It is clear from Fig- 
ures 21 and 22 that the wakes remain in the same radial position and are 
of the same magnitude with changing tip clearance at a given flow rate. 

Comparison of Figures 17, IS, 19, and 20 shows an erratic varia- 
tion of work coefficient with tip clearance. These readings would be ex- 
pected to be less accurate since the change in the whirl component of 
velocity is not large. Thus, a small error in one of the whirl compo- 
nents would give a large error in the change of whirl. Generally, the 
work coefficient in the tip region does drop off with increasing tip clear- 
ance at the design flow rate and above. 



\ 
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IV. TIP CLEARANCE FLOW MODEL AND COMPARISON WITH RESULTS 
A. I ntr odu c fci on. 

The flow of a perfect fluid through a tip clearance can be thought 
of as a flow through a slotted wing with the wall representing the plane of 
symmetry through the slot. Flow through a slotted wing lias been analyzed 
using lifting line theory; however, the assumptions required for this type 
of treatment are that the vortices be shed at the trailing edge of the wing 
as the circulation drops to zero at the tip and that the slot be large com- 
pared with the wing chord. 

A more reasonable model of the flow through a narrow slot is one 

in which the vortices are shed along the edges of the slot rather than at 

( 2 ) 

the trailing edge. Flow visualization experiments by Rains' ' have shown 
that the above model, where the Kutta condition is satisfied along the 
chord at the blade tip, is a valid model of the flow considered. The prob- 
lem that immediately follows is how to apply this model to a turbomachine 
to determine the effect of tip clearance on efficiency and work input to the 
flow, and what corrections shoidd be made to account for real fluid ef- 
fects. 

The flow in the tip clearance can be thought of as having uniform 
velocity in the direction of the chord, which is carried through from the 
pressure to suction side essentially unchanged for blades of small thick- 
ness. The velocity perpendicular to the chord is 

- P 2 )^ 

u = , 

n p 

where and p^ are static pressures on the pressure and suction side of 
the blade away from the tip, and in [ -neral, varies along the chord. 
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(2) 

As shown by Rains' , the most important real fluid effect is the 
"scraping up" of the case boundary layer by the rotating blades. In a 
compressor, this action tends to increase the pressure on the pressure 
side of the blade, thus increasing both the pressure drop across the blade 
and the flow through the tip clearance. 



B. Reduction of Work Input 

The factors that cause a reduction of work input by the rotor due 
to tip clearance are: (1) physically there can be no work done by the 
blades on flow through the clearance; (2) the pressure drop across the 
blade serves to increase the flow through the clearance, thus reducing 
the available fluid on which the blade can do work. 

The work done by the rotor may be expressed as 

(1) W = J Ac u pc a dA , 

A 



which may be expressed as 



R -5 
o 



(2) vr = fpu o R q 2tt$ v? 



dr 



where y is the average work coefficient and y = 



2Ac 



u r 



u R 



. Then the 



reduction in work due to the physical reduction of blade working area is: 



(3) Af = 

T 



6 W 
_o _ o 



6 

F • 



The reduction of work input given by the pressure difference 
across the blade can be determined by evaluation of the flow into a sharp- 
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edged orifice. This flow can be solved using the hodograph method' , 
where pressure on the pressure aide of the blade is taken as stagnation 
pressure and varies as the tip is approached while the pressure distribu- 
tion on the suction side of the blade is essentially unaffected by the tip 
flow. With reference to Figure 23, it can be shown .hat along y = 0, 




2 

tFTT 



sin' * ( 



2V 



1 + V 



) !• 




CO 

where V = - . The integrated pressure deficiency, (p -p)dx can 

then be found in terms of 6 to be: 



i 1 

- a p U o , 

where 5 represents an increase in tip clearance to account for the pres- 
sure deficiency. Then the effective tip clearance is seen to be 

(5 ) 6 + s' = 6 , 

and the work reduction is 



TT 



IT + 



pU 



„ v 2v Vo 6 

(b) = —j- — - H . 

¥ 9 ¥ 

If the flow separates and reattaches before leaving the clearance, pres- 
sure recovery is obtained and the resulting reduction is that given by 
Equation 3. 

To estimate the effect of "scraping up" the boundary layer, 

(2) 

Rains' ' introduces a mathematical model where a uniform distribution of 
vorticity was assumed in order to compute approximately the boundary 
layer flow into a corner. His result gives the pressure distribution along 
the y axis as 
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P - Pi 

< 7 > i 2 » 1 

fpu cos f5 



(y/6*) * ^{y /8*) 2 



- l(y/5*) 



where 8* is the displacement thickness of the boundary layer. Integra- 
tion of Equation 7 gives the force increase on the blade, 
c 



'o 26* 



u 



( 8 ) 



2 jjj 

(p-PjJdxdy * c 6*p ■ cos (3 



O 5. 



14 / 5 \ + h±? Is 5 A ±j 6 i 5 

TS ’ ( S* } + 1*8^ “ + 15^6* 5 



and the reduction of work input with tip clearance is 



(9) 



A y _ 



= 2 



3_ * 

c njfc cos 13 , 

o o’- O 1 



11 



IT 



O U-lj ) <*>? 



, 8 l + 1/ 5 t 3 L 6 \ 4 + 1 / ® /’ 



It is seen from Equation 9 that the scraping flow approximation breaks 
down when the tip clearance gets appreciably larger than the displacement 
thickness. In fact, when compared with experimental results in Figure 9 
and Table I, it appears that the scraping flow effect with tip clearance 
should be completely discarded. The difference in change of work coef- 
ficient with tip clearance as computed from Equation 3 and that observed 
in the experiment is of the order of i°/o of the average work coefficient. 
This difference is of the same order as the accuracy of the torque meas- 
urements!, from which the experimental work coefficient was derived. 
Thus, it is felt tha£ more accurate torque measurements would be re- 
quired to evaluate the work reduction mechanism. When the order of 
magnitude of the reduction of work input is known, it can be compensated 
for by designing for increased work input by the blades. 



-17- 



C. Efficiency Drop 

In order to compute the decrease in efficiency due to tip clear- 
ance, a loss mechanism was assumed, whereby the flux of kinetic energy 

associated with the flow normal to the blade was taken as the total power 

( 2 ) 

loss. Flow visualization experiments by Rains' 7 have shown that the 
vortex sheet formed by the tip clearance flow entering the free stream 
flow rolls up into a single vortex. By the same method he has shown the 
importance of pressure difference across the blade on flow through the 
tip clearance, i. e. , as the pump flow rate increases, the pressure dif- 
ference across the blade decreases and less flow goes through the clear- 
ance. The above loss assumption implies that the ft us; of kinetic energy 
associated with the flow normal to the blade creates the rolled-up vortex 
and is not recovered. 

The power loss on one blade row is given by 



(10) N 





9 



where N is the number of blades. This can be written as 

3/2 

(11) Power loss = N u ^ £ 5 c K ( — ) , 

® 2 ° X.,, 2 

*P U o 

2 

if the Bernoulli equation Ap = ^pu^ is used, and K is a factor to ac count 
for a chordwise pressure loading of the blade that is other than constant. 

With reference to Figure 24, it can be seen that the change in an- 



gular momentum can be written as: 



(12) (c u ^c Ui )pe a 
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neglecting three -dimensional effects, and the change in momentum in the 
axial direction can be expressed as 



(13) p., - p. = — sin p - — cos p 
' ' r 2 s oo s k cd 



Multiplying Equation 12 by cos p^ and Equation 13 by sin j3 , then 
adding the two equations, the lift may be expressed as 



(14) — = (w -w ) p c cos 6 + (P-> " Pi ) e l n P 

' ' s u i u z V a °° 2 1 oo 



The change in total pressure through the rotor can be expressed in terms 
of the change in angular momentum and efficiency 



(15) P 2 - P, = rjiorp (w " *r ) 

\ t U 1 u 2 

and may aloo be expressed using the Bernoulli equation as 



(16) p - p = P 2 - Pj - f <*V ' - > + a r p <v, - w > 

it 12 12 



Substituting o 7 -p, from Equation 15 into Equation 16, 
* \ ' x t 



2 2 

(17) P 2 - Pj = { p (w u - Vv* u ) - (1 ~ T) ) co r (w u - \v u ) p 

12 12 



Substituting the expression for P 2 *P| as given in Equation 17 into Equa- 
tion 14 and introducing 



w - w 

U 1 u 2 

u 



(13) T = 2 | 
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( 20 ) 



W -r V/ 
Uj u 

Zu 



— = | ^ tan Yj - -rjr- 



an expression for L/c equal to Ap is obtained for use in Equation 11; 



( 21 ) 



Ap 



i 2 l ? c T cog 6 

{pu 4pu ^ s f oo 

o o 



1 - (1-T]> 



§tan8 cos ft 
3 ■ oo 1 oo 



where (1- r]) may be determined from Equation 17 when evaluated at the 
tip radius as 



( 22 ) 1 - T) q = 



and 

(23) 



¥ P 2 - p l 1 

1 - 6 tan Yi - t- * — 

1 - 2 ^ 



2P U 



O 



cos W 



oo 



1 + ( ~ - tan y j 



e = i 



§ = i 



(24) tan 6 cos 6 

' ’ OO ! 00 

o o 



tan \ . 






1 +( ? - t aa Vl -|j)‘ 



- 1 g = 1 



Since it has been shown that the work coefficient remains nearly constant 
with small changes in tip clearance, the decrease in efficiency, using 
Equation 11, is 



(25) AE = 2 



'o 5 



K 



1 



3 K (1 - i?) 



3/2 
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where Ap/-jpu Q is given by Equation 21. 

To include the effect of pressure increase on the blade due to the 
impinging boundary layer flow, Rains evaluates Equation 7 at y » 5/2 , 



v/mcn gives 



u 



( 26 ) - 



n ^ 



u 



Ap . 2 « * T , 6 . 

2 +COS p 0 



ip» 



1/2 



L‘ o 

and a corresponding drop in efficiency of 



(27) AS = 2 



'o 6 



1 



r -o (1-5 j 2 > 



■ ^P, + coo 2 B 
>2 • o 



❖ A 



3/2 



J 



To investigate the validity of ti e model above, calculations of change in 
efficiency and total pressure coefficient were made using the above rela- 
tions. Experimental values obtained at the smallest tip clearance, 

A. = 0. 0025, were used with the above equations to predict changes as tip 
clearance was increased. Values of A and ¥ were obtained from Fig- 
ures 12 and 17 respectively by neglecting the changes in the boundary lay- 
er region and extrapolating the slope in the mainstream to the tip radius. 
The absolute entering angles at the tip were obtained from Figures 25 - 
29 in a manner similar to that described for 4> o and Y . The boundary 
layer displacement tliicknecs was determined from Figure 30 to be 
5* s 0. 068 inches. A comparison was made of the losses obtained from a 
triangular pressure loading at the tip to that of a constant pressure load- 
ing using Equation 11, where the average pressure was the same in both 
cases and the vertex of the triangle was at the one -quarter chord. It was 
found that the ratio of the losses with triangular loading to those with 
constant loading was K = 1. 13. Since it was felt that the triangular pres- 



- 
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sure distribution was a better representation of the loading, it was in- 
cluded in the calculations. 

A comparison of calculated and experimental changes in total 
pressure coefficient and efficiency of the rotor ere given in Table II and 
Figures 8 and 31. Rains’ e:u>erimental values are also shown for com- 
parison in Figure 31. A calculation of change in total pressure coefficient 
and efficiency of the rotor at the design flow rate using .Rains ' approxima- 
tions (constant chordwise pressure loading, blade stagger angle at the tip 
and average values of A and Y ) is included in Table n. 

As seen in the case of the change of work coefficient, it appears 
from the results of this experiment that inclusion of the scraping flow ef- 
fect, handled in the manner described by Rains, leads to a prediction of 
excessive changes in total pressure coefficient and efficiency of the rotor 
with tip clearance. Though his tests we re conducted at the design flow- 
rate only, his e:<perimental results agree very well with those predicted 
from calculation, as seen in Figure 31. The agreement between theory 
and ejqscriment in this investigation is not as close as that found by Rains. 
However, the tests reported here cover a much larger range of flow rates 
and tip clearances than those of Rains, and their internal consistency in- 
dicates that they are as reliable as previous experiments. It is felt that 
the effect of the scraping flow would be reduced by taking into account the 
portion of the boundary layer flow tliat goes through the clearance, rather 
than assuming it all turned, as in shear flow into a corner. 

Neglecting the scraping flow, it is seen from Table II that the 
change with flow rate of rotor efficiency drop due to tip clearance is 
overestimated near stall and underestimated at the high flow rate above 



design. Due to the scattering of experimental results and the small 
changes involved, i. e. , most changes are not much more than tne order 
of accuracy of the expe r irncntal set-up, it is felt tuat one can only dis- 
cuss trends in evaluating tie validity of the proposed model. In this re- 
spect, it is felt that the model is a valid one, since the order of magni- 
tude of the losses is in reasonable agreement with the experimental re- 
sults over a wide range of flow rates, and the variation in calculated and 
experimental efficiency drop with flowrate shows similar trends. In 
evaluating off-design performance, it is felt that local values of $ and 
at the tip must be considered rat’.. or than the average values over the ra- 
dius. To describe accurately the flow through the tip clearance, three- 
dimensional effects should be considered, since the streamlines in the tip 
region are actually curved, giving a change in flow rate through the 
clearance, Two-dimensional flow was assumed in this analysis, and it is 
felt that with the scattering of expc r imental results the more elaborate 
three-dimensional analysis is not justified. 
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APPENDIX A 

Notation 

Blade height 

Blade chord 

Absolute axial velocity 

Absolute tangential velocity 

Static pressure 

Radius 

Blade spacing 

Time 

Velocity 

Tip clearance velocity normal to the blade chord 

Tip rotative speed 

Velocity relative to the blade 

Coordinates 

Diameter 

Efficiency 

Pressure distribution function 

Number of blades 

Pov/er 

Volume flow rate 

Hub radius in the machine 

Tip radius in the machine 

Reynolds number, u D^/v based on flow velocity at nozzle exit 

Torque 

Velocities 



